by higher heart weight and blood hematocrit, and better meat quality.
Meat production is dictated by muscle growth, which entails the processes of protein accretion, myofiber hypertrophy, and muscle-cell proliferation (hyperplasia; Allen et al., 1979; Halevy et al., 2006b) . During embryogenesis, muscle progenitors undergo myogenic determination, giving rise to myoblasts that first proliferate and then differentiate and fuse into multinucleate fibers (Hawke and Garry, 2001) . Chick embryonic myoblasts are most abundant on embryonic day (E) 5, whereas fetal myoblasts are most abundant between E8 and E12 (Stockdale, 1992) . In chicks, satellite cells (also termed adult myoblasts) are first detected in their sublaminar position between E13 and E16, when the basement membrane surrounding the myofibers develops (Hartley et al., 1992) . Myofiber formation is essentially complete at hatching, but myofiber hypertrophy can be increased after hatch by assimilation of satellite-cell nuclei into myofibers. Satellite cells proliferate at high levels during the early growth phase which, in broilers, terminates at around d 8 posthatch (Halevy et al., 2001 (Halevy et al., , 2006a , suggesting that factors affecting the accumulation of satellite cells during late-term embryogenesis or early posthatch determine mature muscle size later on. Previous studies have shown that nutritional or thermal manipulations during prehatch and early posthatch periods promote muscle growth due to enhanced satellite-cell proliferation and differentiation (Piestun et al., 2009a; Kornasio et al., 2011) .
The present study examined the differences in muscle development of pre-and posthatch featherless, feathered counterparts, and commercial broilers. Cell proliferation, muscle fiber hypertrophy, and overall performance were evaluated in embryos and chickens reared at 26 and 32°C.
MATERIALS AND METHODS

Experimental Design
The birds and embryos used in the trials were the progeny of featherless (sc/sc) sires and feathered (+/sc) dams; the progeny of each dam segregated to one-half featherless (homozygous sc/sc; featherless) and one-half normally feathered (heterozygous +/sc; feathered). In this mating scheme, progeny from both genotypes/phenotypes shared the same average genetic background. The sc/sc and +/sc parents were the progeny of 4 backcross cycles to fast-growing contemporary broiler stocks (Hadad et al., 2014) .
Posthatch Trial
A group of contemporary commercial broilers (commercial) was also included in each treatment as a reference. After hatch, male and female chicks from all 3 groups were brooded intermingled on deep litter at a stocking density of 15 birds/m 2 , with 23L:1D and ad libitum feeding of commercial diets. The brooding temperature regimen started with 35°C in the first 3 d after hatch, followed by a gradual reduction to 32°C on d 11. On this day, the broilers were divided into 2 ambient temperature (AT) treatments: one with constant 32 ± 1°C (hot) and one with constant 26 ± 1°C (control) from d 21 onward with a RH of about 70% in both treatments. Between 20 to 30 birds were assigned to each AT treatment within group. On d 29 and 47, individual BW of all birds was measured; 10 to 12 birds per group from each treatment were selected, and after 10 h of feed removal, were slaughtered and processed. The breast muscle (pectoralis major and pectoralis minor) was removed (by a single operator) and weighed. Animal care and experimental procedures were approved by the Animal Welfare Committee of the Hebrew University Faculty of Agriculture.
Embryonic Trial
A total of 500 fertile eggs were incubated in a Petersime (Zulte, Belgium) hatchery at the Faculty of Agriculture in Rehovot, under standard conditions of 37.8°C and 56% RH; they were turned once an hour until E18 and then transferred to hatching trays. On E12, the eggs were candled, and infertile eggs and those containing dead embryos were removed. On E15 and from E17 to E21 (hatch), up to 40 eggs were carefully opened and 10 embryos from each phenotype (featherless and feathered) were randomly selected. These embryos were separated from the yolk sack, wiped, and weighed, and their breast muscle was removed and weighed as well. On E17 and E18, blood samples were taken from the brachial vein of 10 randomly selected embryos from each phenotype for analysis of triiodothyronine (T 3 ) levels.
T 3 Assay
Radioimmunoassay of T 3 was performed on plasma samples with a commercial RIA kit (Diagnostic Products Corporation, Los Angeles, CA; Piestun et al., 2008) . The intra-and interassay count variations were 5.0 and 7.5%, respectively.
Muscle Sampling
Muscle samples were excised from the superficial regions of the proximal half of the left pectoralis major muscle from embryos or chickens of each phenotype. Each sample was approximately 0.5 × 0.5 × 1.2 cm and the long axis of each sample paralleled the direction of the myofibers. Muscle samples were fixed in fresh 4% paraformaldehyde and embedded in paraffin as described by Halevy et al. (2004) . Serial sections of muscle samples (5 µm) were deparaffinized in xylene, rehydrated in a graded alcohol series, and stained with hematoxylin-eosin (Halevy et al., 2004) .
Myofiber Diameter and Cross-Sectional Area Analyses
Myofiber diameter was analyzed as described by Halevy et al. (2006a) by measuring the smallest myofiber diameters (Dubowitz, 1985) and arranging those values in bin clusters. At least 8 arbitrary fields in 2 or 3 serial sections of each muscle sample of embryos (n = 8) or broilers (n = 6) were photographed with a digital camera (DP70, Olympus, Hamburg, Germany) using a ×200 magnification for the posthatch birds and ×400 magnification for embryos. Diameters were measured using CELL B software (Olympus). Because there were no statistically significant differences among chicks, all data for the same treatment were pooled. The average size of the myofibers in each sample of pectoralis major was determined by counting their number in a square field of 0.143 mm 2 and by dividing this area by myofiber number, thus calculating average myofiber crosssectional area (CSA) from each counted field.
Cell Preparation and Counting
Cells were prepared from the pectoralis major and minor muscles as described for embryos (Halevy et al., 2006a) and posthatch chicks (Halevy et al., 2001 ) at various ages. Cells were prepared from either 1.5 or 6 g of muscle (for embryos and posthatch birds, respectively) sampled from a pool of chopped muscle from 10 embryos or chicks (Halevy et al., 2006a) . An enriched population of myogenic cells was recovered, with approximately 5% of these cells being nonmyogenic (Halevy et al., 2001) . The fresh cells were immediately counted using a hemocytometer. The CV of the cell preparations was approximately 5% (Halevy et al. 2001 (Halevy et al. , 2006a . Cell preparation was repeated 3 times, each from an independent in vivo experiment. The differences in the absolute numbers of cells were significant in each of the 3 independent cell preparations.
Western Blot Analysis
Muscle samples were collected from the right half of the pectoralis muscle used in the immunohistochemical analysis and immediately frozen in liquid nitrogen. Muscle protein lysates were prepared as described (Piestun et al., 2009b) . Equal amounts of protein from muscle extracts were separated by SDS-PAGE and transferred to nitrocellulose filters (Bio-Rad Laboratories, Hercules, CA). Membranes were incubated overnight at 4°C with the appropriate antibodies and then washed and incubated for 1 h with horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit IgG (Zymed, San Francisco, CA). The primary antibodies were as follows: polyclonal rabbit anti-myogenin (a kind gift from B. Paterson, National Institutes of Health, Bethesda, MD), monoclonal mouse anti-insulin-like growth factor I (IGF-I; Upstate Biotechnology, Lake Placid, NY), and monoclonal mouse anti-α-tubulin (Calbiochem, Millipore Corporation, Billerica, MA). Densitometric analysis was performed on bands using Image Pro-Plus software (Media Cybernetics Inc., Silver Spring, MD). Protein levels in each lane were normalized to the levels of α-tubulin as an internal standard (Halevy et al., 2006a) .
Statistical Analysis
Data from each slaughter age (d 29 and 47) were subjected to 3-way full-factorial ANOVA with 3 genetic groups (featherless, feathered, commercial), 2 AT treatments (control vs. hot), 2 sexes, and all of their interactions. There were no significant interactions with sex, but group × AT interactions were significant for many measured traits, hence group means of males+females by AT treatment were tested and presented in the tables. The group means within each AT treatment were compared by Tukey-Kramer test, and Student's t-test was used to compare the 2 AT treatment means within each group. Embryo and chick data were subjected to 1-way ANOVA with 2 or 3 genetic groups. Differences between groups in myofiber frequency in different diameter bin clusters were tested by χ 2 test. All statistical analyses were conducted using the JMP software (SAS Institute Inc., 2009).
RESULTS
Body and Breast Muscle Weight
On d 29, in the control treatment (26°C), the commercial broilers exhibited the highest mean BW, whereas the BW of the featherless and feathered broilers were about 25% lower (Table 1) . Similarly, in the hot treatment (32°C), the commercial broilers were the heaviest among the groups whereas the featherless broilers had the lowest BW. The commercial broilers exhibited the highest BW on d 47 in the control treatment, with the BW of the featherless and feathered broilers being about 17% lower (Table 1 ). The hot treatment led to a reduction in BW for all groups; however, this reduction was about 19 and 24% in the feathered and commercial broilers, respectively, whereas the heat-related BW reduction in the featherless broilers was only 7%; consequently, their mean BW in the hot treatment was not significantly different from that of their commercial counterparts (Table 1) .
On d 29 under hot conditions, the breast muscle weight of the featherless broilers was significantly lower compared with those of the broilers with feathers (Table 1). However, under both AT treatments the breast muscle yield (% of BW) of the featherless broilers was significantly higher than that of their feathered sibs and similar to that of the commercial broilers. On d 47, under control conditions, the featherless broilers exhibited significantly higher breast muscle yield (% of BW) than that of their feathered sibs and similar to that of the commercial broilers (Table 1) . Under the hot condi-tions, mean breast meat yield of the featherless broilers was more than 1% higher than that of the commercial broilers (20.6 vs. 19.4%) and significantly higher than that of their feathered sibs (20.6 vs. 16.6%). In the hot treatment on d 47, mean breast meat weight of the featherless broilers was much higher than that of their feathered sibs (406.6 vs. 294.1 g) and similar to that of the commercial broilers (Table 1) .
Morphometric Analysis of Posthatch Broilers
To evaluate breast muscle hypertrophy in the various groups, cross-sections were prepared from pectoralis muscle of the experimental broilers and stained for hematoxylin-eosin ( Figure 1a and 2a for d 29 and 47, respectively). Morphometric analysis on cross-sections on d 29 revealed that the myofiber diameter in the control treatment ( Figure 1b ) ranged from 5 to 95 µm in all 3 broiler groups with a typical Gaussian curve. However, the commercial broilers showed a slight shift toward higher myofiber diameters with 27% of them ranging from 55 to 95 µm, compared with 14 and 16% of the myofibers in the featherless and feathered broilers, respectively. In the hot treatment, the distribution of myofiber diameters in the commercial broilers was similar to that under control conditions, but with a slightly lower frequency of higher diameter myofibers (75 to 95 µm). In contrast, the hot conditions caused a significant reduction in the range of myofiber diameters in the featherless and feathered broilers, creating a sharper peak with more than 35% of the myofibers ranging between 35 and 45 µm ( Figure 1c ).
On d 47 of the control treatment, the 3 groups exhibited similar distributions of myofiber diameters, with the largest myofiber bins increasing to 110 µm ( Figure  2b ). In the hot treatment, a curve shift was observed mainly for the higher diameter bins, most noticeably in the feathered group (Figure 2c ). The frequencies of the differences in myofiber diameters between the commercial group and the featherless and feathered groups were found to be significant by χ 2 test. The maximal diameter values were 105, 100, and 95 µm in the commercial, featherless, and feathered broilers, respectively ( Figure 2c ). The percentage of myofibers with diameters larger than 60 µm was similar in the commercial and featherless broilers, reaching 23.5%, whereas for the feathered broilers this value was significantly lower, reaching only 15.3% of total myofibers.
Blood Vessels and Myofibers in Breast Muscle on d 47
The CSA was determined on d 47 (Table 2) . In both treatments, the commercial and feathered broilers had, respectively, the lowest and highest myofiber numbers and the largest and smallest CSA, with the featherless broilers exhibiting intermediate myofiber numbers and sizes (Table 2) . Compared with the control treatment, the hot treatment increased myofiber numbers by 25 and 21% in the featherless and commercial broilers, respectively, whereas the number of myofibers in the feathered broilers-being the highest in the control treatment-increased by only 6%. Accordingly, the hot treatment reduced the mean myofiber CSA in the featherless and commercial ones by 20 and 26%, respectively. In the feathered broilers, an insignificant reduction of 9% was observed.
The featherless broilers exhibited the highest bloodvessel density (number per 0.143 mm 2 field) in the breast muscle in both treatments (this difference was significant under hot conditions), whereas the feathered broilers had the lowest density and the commercial broilers had intermediate values (Table 2) . Moreover, under hot treatment, the featherless broilers exhibited a significant increase (20%) in blood-vessel density, whereas this value remained similar (only 2% less) or significantly reduced (by 10%) in the commercial and feathered broilers, respectively. The ratio of blood vessels to myofibers, regarded as a parameter for indicat- ing vascularization in the muscle, was similar for the featherless and commercial broilers in both treatments, whereas the feathered broilers had a significantly lower ratio. Notably, the featherless broilers had a similar ratio in both treatments with only a minor reduction (by 6%), whereas in the feathered and commercial broilers, this ratio was significantly reduced (by 14 and 19%, respectively).
Muscle Cell Numbers in Early Posthatch Period
Breast muscle hypertrophy in the growing broiler is largely dependent on the proliferation of muscle cells (satellite cells) and an increase in the myogenic cell pool during early posthatch growth. Myoblasts were prepared from pectoralis muscle of the 3 genetic groups on various days posthatch and immediately counted (before culturing them in vitro) and calculated per gram of muscle ( Figure 3 ). As expected, in all groups the number of muscle cells per gram of muscle was the highest on d 3, and then declined. On d 3, the commercial broilers had the highest myoblast numbers, and the featherless and feathered chicks had similar values. In contrast, on d 4 and 8, the highest number of myoblasts per gram muscle was found in the featherless group, and the 2 groups with feathers exhibited similar, lower numbers. Myoblast proliferation was examined in vivo by proliferating cell nuclear antigen (PCNA) staining on d 8. Muscle sections were immunostained with an antibody against PCNA, and analysis of positive cells was performed based on digitized images. Proliferative activity was observed in the featherless chicks, whereas almost no proliferative activity was observed in the feathered groups (data not shown).
Muscle Development in Late-Term Embryos
The differences observed posthatch between featherless broilers and their feathered sibs, with the same genetic background, led to similar comparisons of muscle growth and development in late-term embryos during the third wave of satellite cell proliferation. The mean relative breast muscle weight (% of embryo weight, to account for age and sampling variation in embryo size) of the featherless embryos was 1 to 1.5% higher than that of the feathered embryos on E15 and from E17 to E20; the difference was significant at all ages except E20 (Figure 4a ).
Morphometric analysis of the pectoralis myofibers of the featherless embryos and their feathered sibs on E19 revealed a similar range of myofiber diameters (from 1 to 11 µm) but different means and distribution ( Figure  5 ). The featherless embryos had a significantly higher average myofiber diameter of 5.95 µm, compared with 5.38 µm in the feathered embryos. This difference was clearly apparent with the featherless curve, which shifted toward the higher diameter bins. Group means compared (Tukey-Kramer test) within 26°C AT treatment and those with different superscripts differ significantly (P < 0.05).
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Group means compared (Tukey-Kramer test) within 32°C AT treatment and those with different superscripts differ significantly (P < 0.05).
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The effect of the hot treatment on each variable's mean is expressed by the hot-control difference, as percent of control. Group × AT interaction was significant, except for blood vessels per myofiber ratio. Number of blood vessels counted in a field of 0.143 mm 2 (blood vessel density).
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Number of blood vessels divided by number of myofibers. *Significant (P < 0.05) difference between hot vs. control within group.
Figure 3.
Number of myoblasts per gram of muscle on various days posthatch of commercial, featherless, and feathered chicks. Breast muscle (pectoralis major and minor) was removed from chicks and pooled within each group. Myoblasts were isolated in parallel from each group and counted using a hemacytometer. Results are means ± SE (n = 6) of a representative of 3 independent in vivo experiments. Data with different letters (a,b) differ significantly within the same age group (P < 0.05). Myoblast number per gram of breast muscle was determined in fresh cells immediately after their preparation on E16, E17, and E19. In both groups, myoblast number per gram of muscle was the highest on E17, and then declined (Figure 6a ). The featherless embryos had higher myoblast numbers on E17 and E19 than their feathered sibs.
Myogenin and IGF-I Expression in Muscle
The differentiation state of the myoblasts was evaluated by quantifying the protein levels of myogenin, a marker for differentiating muscle cells, in whole muscle samples on E19 (Figure 6b ). Densitometry analysis revealed that in general, myogenin levels were similar in both groups (Figure 6c ). The levels of IGF-I protein were significantly higher in the featherless versus feathered embryos (Figure 6b and c).
Plasma T 3 Levels
Plasma T 3 levels increased from E17 to E18 in the featherless embryos, and decreased in the feathered embryos (Figure 7 ). These levels were significantly lower in the featherless versus feathered embryos on E17, and similar on E18.
DISCUSSION
In meat-type broilers, selection pressure has been placed on rapid posthatch GR and enhanced breast muscle yield. However, hot conditions are stressful for these broilers, causing a reduction in meat yield and poor meat quality Settar et al., 1999; Sandercock et al., 2001) . The nature of the differences in breast muscle weight and yield was studied in 3 genetically different broiler groups reared under temperate (control) and high (hot) temperature conditions. One group was a breed of contemporary broilers (commercial) that has been continuously selected for rapid growth and high breast meat yield. The other 2 groups were derived from a noncommercial stock with a lower genetic potential for GR and breast meat yield. These 2 groups were progeny of the same +/sc hens and sc/sc males-featherless broilers (sc/sc) and their feathered siblings (+/sc). Being siblings, these 2 groups of broilers share similar genetic potential and therefore the differences found between them reflect the net effect of being without feathers. This study shows that lack of feathers is advantageous in terms of muscle development during the embryonic stage and posthatch, eventually leading to higher breast meat yield and better meat quality in broilers, especially when reared un- der hot conditions that negatively affect these traits in standard (feathered) broilers.
Posthatch muscle growth, in particular after 2 wk of age, is dependent on myofiber hypertrophy, myofiber numbers, or both (Aberle and Stewart, 1983; Remignon et al., 1995; Burke and Henry, 1997) , and dictated by a reserve of muscle progenitor cells, the satellite cells, which proliferate and fuse with existing myofibers during the early growth period (Allen et al., 1979; Halevy et al., 2006b ). The commercial broilers had the highest breast muscle weight among the groups under normal and hot conditions. This was reflected by a curve shift to the higher myofiber diameter bins, mainly on d 29, suggesting accelerated muscle hypertrophy, probably as a result of tremendous genetic selection for the high breast muscle weight trait, in agreement with previous studies (Burke and Henry, 1997; Scheuermann et al., 2003 Scheuermann et al., , 2004 Verdiglione and Cassandro, 2013) . Notably, the featherless broilers had an unexpectedly lower breast muscle weight compared with the feathered broilers on d 29, which was reflected in smaller myofiber diameters (Figure 1c) . However, the differences in myofiber-diameter distribution and myofiber CSA (Table 2) were less marked on d 47, mainly under control conditions, resulting in similar breast muscle weight of the commercial and featherless broilers, both higher than that of the feathered broilers. Together, these findings suggest that the differences in breast muscle yield between the different genetic groups under both AT conditions, and the better muscle growth of the featherless broilers Azoulay et al., 2011; Hadad et al., 2014) are due to differences in muscle hypertrophy later on.
A significantly higher muscle yield (% of BW) for the featherless group compared with that for their feathered sib and similar to the commercial group was noticed at both temperatures (Table 1) , emphasizing the potential of featherless broilers to increase myofiber size, even under hot conditions. It is assumed that the ability of featherless birds to maintain muscle hypertrophy and even surpass that of their feathered sibs under hot temperatures is due to larger reserves of nutrients and energy, which allow higher protein deposition and muscle hypertrophy. These larger reserves could be due to the following: (a) absence of feather formation, shifting the superfluous energy and nutrients to the muscle compartment. It has been shown that diets with low levels of protein and energy depress growth and meat yield in feathered broilers but not in their featherless sibs (Tzur et al., 2010) . (b) With their enhanced capacity for heat dissipation and consequent heat tolerance, featherless broilers maintain normal levels of feed consumption under hot conditions, thereby facilitating muscle hypertrophy under those conditions as well; (c) the featherless broilers exhibited the highest density of blood vessels in the breast muscle under both AT treatments. Better vasculature enhances oxygen and nutrient supply as well as waste clearance, and thus increases muscle growth potential. Under hot conditions, the number of blood vessels per myofiber was markedly reduced in the commercial and feathered groups, suggesting poorer blood support under these conditions in comparison with the featherless broilers, where the change in this ratio was small and not significant.
The significant difference in blood-vessel density in the breast muscles between the featherless and feathered broilers carrying the same genetic background was correlated with their breast muscle weight and yield. The differences in the vascular systems of these 2 groups are probably due to a combined genetic and environmental effect. These differences are also associated with those found in muscle breast color and meat quality of featherless versus feathered broilers (Hadad et al., 2014) . The superior blood supply to the featherless breast muscle, leading to significantly higher hematocrit levels and heart sizes at all ages and temperatures (Hadad et al., 2014) , demonstrates the advantage of featherless broilers, especially under hot conditions, in providing better systemic nutrient supply to the muscle and thus to its growth. Furthermore, dense blood vessels in the pectoralis muscle and presumably throughout the body, carrying a high amount of total heme pigments, contribute to the high redness value found in breast and thigh muscles of featherless broilers (Hadad et al., 2014) , indicating better meat quality.
Enhanced hypertrophy demands a larger reserve of muscle progenitor cells; these cells proliferate and then differentiate and fuse into myofibers on early days posthatch, leading to a decline in their absolute numbers (Allen et al., 1979; Halevy et al., 2006b) . In agreement with this kinetics, the number of myoblasts in all groups was highest on d 3 and then declined, suggesting no apparent changes in proliferation dynamics in the different genetic lines. As expected, myoblast number per gram muscle in the commercial chicks was highest on d 3, creating larger reserves of progenitor cells for future hypertrophy. However, this trend was reversed on d 4 onwards, when the featherless chicks had the highest myoblast number, and that of the feathered chicks declined sharply. Moreover, in vivo evaluation of the proliferation marker PCNA revealed its expression in cells within the perimeter of myofibers in the featherless muscle sections on d 8 compared with no expression in the feathered muscle sections (data not shown), in agreement with previous reports (Halevy et al., 2001 (Halevy et al., , 2006a .
Previous studies by us and others have shown that satellite cells are most sensitive to mild or severe heat or cold stress, in mammals (Hawke and Garry, 2001; Oishi et al., 2009) and in broilers, during embryonic or posthatch periods (Halevy et al., 2001; Piestun et al., 2009a) . Together, these data lead to the notion that there is differential rate of myoblast differentiation and fusion into myofibers for chicks with or without feathers: the featherless myoblast differentiation rate is slower than that in the feathered chicks, while their myoblasts are still proliferating, promoting a higher reserve of myogenic progeny cells in the featherless chicks, which will later contribute to muscle hypertrophy.
In light of the difference in posthatch muscle growth between featherless and feathered chickens, both progeny of the same +/sc hens and sc/sc males, it was hypothesized that this difference begins during their embryonic development, in particular during late-term embryogenesis, when adult myoblasts (satellite cells) begin their proliferation wave (Hartley et al., 1992; Stockdale, 1992; Halevy et al., 2006a) . Different genetic backgrounds have been shown to affect muscle development (Mitchell and Burke, 1995; Al-Musawi et al., 2011) . Indeed, the featherless breast muscle's percentage of BW was higher than that in their feathered counterparts on all days from E15 until E20. This was manifested by the shift toward higher myofiber diameters of the featherless embryos on E18, and a higher mean myofiber diameter, suggesting higher myofiber hypertrophy. The hypertrophy can most likely be attributed to that of fetal myofibers, the dominant component of developing muscle during this embryonic period (Stockdale, 1992) . Note that this enhanced hypertrophy, occurring on as early as E18, could be unique to the featherless and feathered embryos, which differ in one gene, as another study showed that at this stage, the enhanced breast muscle in broilers versus layers is due to hyperplasia of myofibers (Al-Musawi et al., 2011) .
Higher myoblast numbers were found in the featherless embryos compared with their feathered sibs on E17; some of these myoblasts could be fetal myoblasts, which continue to enrich the fetal myofibers with more nuclei, thus enhancing the potential for myofiber hypertrophy. However, their numbers declined toward hatch ( Figure 6 ; Piestun et al., 2009a) . Therefore, it is conceivable that most myoblasts on E19 are adult myoblasts (satellite cells), the main proliferating cell population in muscles of late-term embryos (Hartley et al., 1992; Halevy et al., 2006a; Piestun et al., 2009a) . These cells do not differentiate until hatch, and they therefore serve as the initial reserve of progenitor cells for future proliferation, differentiation, and fusion into myofibers. Together, the results suggest that the absence of embryonic development of feather buds leads to differences in muscle development between the featherless birds and their feathered sibs, manifested by higher myoblast numbers and hypotrophy in the former, already in the late-term embryonic period.
There are several possible reasons for the differences between these embryos with regard to late-term muscle development. First, the sheer fact that feather bud development does not occur in featherless embryos may enable them to divert energy and nutrients, otherwise used for feather development and growth, to myofiber hypertrophy. Second, plasma T 4 levels were lower in the featherless versus feathered embryos (Figure 7) . A decrease in thyroid hormone levels in broiler embryos in response to thermal manipulations during the period of thyroid and adrenal axis development has been reported to correlate with lower metabolic rate and higher embryonic BW (Piestun et al., 2009b) and breast muscle weight (Piestun et al., 2009a) . Third, the featherless phenotype results from a nonsense mutation in the FGF20 gene (Wells et al., 2012) , whose protein product plays a key role in various developmental processes, including that of hair follicles (Munnamalai et al., 2012; Huh et al., 2013) . Although no apparent role has been documented for the protein product of FGF20 in embryonic skeletal muscle development, it may well be that its absence affects myoblast differentiation and hypertrophy via other systemic or local growth factors associated with muscle-cell proliferation and muscle hypertrophy, one of which is IGF-I (Florini et al., 1996; Rommel et al., 2001; Duclos, 2005) . Indeed, IGF-I levels were significantly higher in the featherless versus feathered muscle on E19, in correlation with the higher proliferation and hypertrophy. The importance of IGF-I in promoting breast muscle growth in late-term broiler embryos has been previously shown in studies on thermal manipulations (Halevy et al., 2006b; Piestun et al., 2009a ) and on genetic selection for meat production (Guernec et al., 2003; Al-Musawi et al., 2011) . The mutation in FGF20 in the featherless embryos can also affect signaling pathways related to muscle development. For example, FGF20 has been reported to act as an intermediate player in the Notch signaling pathway during hair differentiation (Huh et al., 2012; Munnamalai et al., 2012) . Notch is a family of transmembrane receptors that has been shown to repress terminal myogenic differentiation and hypertrophy (Conboy and Rando, 2002; Kitzmann et al., 2006) .
In conclusion, the observed differences in breast muscle weight and yield between commercial, feathered, and featherless broilers-the latter having the advantage, especially under hot conditions-are due to corresponding differences in the proliferation and differentiation of muscle progenitor cells and their effects on late-term embryonic and early posthatch growth, and on myofiber hypertrophy and vascularization at later ages.
